We have examined the effect of the fractional concentration of nitrogen (Fl N2 ) For more than a century there has been interest in the effect of breathing different gases on the rate of alveolar gas absorption leading to alveolar atelectasis [1, 2] . In 1879, Lichtheim showed that alveolar collapse occurred in 45 min when open-chested dogs breathed oxygen, whilst with air breathing it occurred after 24 h [3] . In 1932, Coryllos and Birnbaum carried out more extensive studies in both open and closed chest dogs which agreed substantially with the findings of Lichtheim [4] . Dale and Rahn, in 1952 , investigated the rate of gas absorption and confirmed that gas was removed 60 times more quickly from the lung during oxygen breathing than during air breathing [5] . More recently, evidence of alveolar collapse has been noted after oxygen breathing at low lung volumes [6] [7] [8] [9] [10] , with increased gravitational forces [11] [12] [13] [14] ; and with head-out immersion [15] [16] [17] , although one study [18] showed no difference between air and oxygen.
For more than a century there has been interest in the effect of breathing different gases on the rate of alveolar gas absorption leading to alveolar atelectasis [1, 2] . In 1879, Lichtheim showed that alveolar collapse occurred in 45 min when open-chested dogs breathed oxygen, whilst with air breathing it occurred after 24 h [3] . In 1932, Coryllos and Birnbaum carried out more extensive studies in both open and closed chest dogs which agreed substantially with the findings of Lichtheim [4] . Dale and Rahn, in 1952 , investigated the rate of gas absorption and confirmed that gas was removed 60 times more quickly from the lung during oxygen breathing than during air breathing [5] . More recently, evidence of alveolar collapse has been noted after oxygen breathing at low lung volumes [6] [7] [8] [9] [10] , with increased gravitational forces [11] [12] [13] [14] ; and with head-out immersion [15] [16] [17] , although one study [18] showed no difference between air and oxygen.
Decreases in functional residual capacity (FRC) have been reported after 100% oxygen breathing [19] [20] [21] [22] . In 1983, Baker and Restall [19] described a decrease in residual volume (RV) in subjects who had breathed 100 % oxygen at reduced lung volume.
Studies have investigated the effect of different concentrations of inert gases in the alveolar mixture on atelectasis. Green [13] showed that 20% nitrogen reduced the rate of absorption of gas compared with oxygen, and that 40 % nitrogen reduced it even further. At reduced ambient pressure ("5psi") 3 DuBois and colleagues [7] showed that 5 % nitrogen in oxygen prevented alveolar collapse in one subject, whereas 2.5 % nitrogen did not. This finding was confirmed in the same subject by Turaids, Nobrega and Gallagher [23] . In a preliminary study in our laboratory, Smith [24] showed, for subjects who had breathed either 100% oxygen or 50% oxygennitrogen mixtures at reduced lung volumes, that there was more reduction in FRC and RV with 100% oxygen. Even so, there were statistically significant reductions in FRC and RV with the 50 % mixture.
We have therefore studied in greater detail the effect of various oxygen-nitrogen mixtures, to delineate the effect of increasing nitrogen concentration on stabilization of the absorption process (nitrogen splinting of the lung), by measurement of FRC and RV when subjects had breathed the different gas mixtures at reduced lung volumes. We used a study design for reduced lung breathing developed by Nunn [10] and used previously by us [19] . This design is relevant to the post-anaesthesia state, to aviation and diving, because it temporarily reduces FRC whilst oxygen is breathed in a fashion similar to immersion forces in diving or acceleration forces in aviation when the subject is wearing an anti-gravity suit [12, 17] . The hypothesis tested was that the extent to which nitrogen reduces or prevents the decrease in lung volumes which occurs during oxygen breathing at reduced FRC was proportional to the nitrogen concentration in the inspired gas mixture (Fi Si ). J.s. All subjects were informed volunteers and the study was approved by the Human Ethics Committee of Dunedin Hospital. A limited respiratory history was elicited from the volunteers with respect to smoking, asthma or other chronic respiratory illness, and to ensure that they did not have an acute respiratory illness. No subject was excluded from the study. A series of baseline respiratory function studies were performed with the subjects seated in a pressure body plethysmograph (constant volume-Du Bois type) (Morgan No. 090, P. K. Morgan Ltd, Kent, England) connected to a Gould X-Y plotter. Vital capacity (VC), forced expired volume in 1 s (FEV,), FRC, expiratory reserve volume (ERV), RV, closing capacity (CC) using oxygen as the marker gas, percentage nitrogen increase of the phase III slope per litre of expired gas (% N s Inc.) between 750 ml and 1250 ml expiration, and forced expiratory flow at 25% vital capacity (FEF 25%) were measured as described by Cotes [25] (table I) . The closing capacity studies were performed first using a Med Science wedge spirometer and Godart ionization nitrogen analyser; the FEVj studies followed, using the wedge spirometer; and then the other studies using the body plethysmograph and pneumotachograph. All measurements except single breath nitrogen washout were a mean of three separate replicates.
The study was designed as a factorial analysis and 16 of the 17 subjects completed all the studies, with one subject completing only four of the five gas compositions because of relocation to another city. The gases were allocated randomly to all subjects except that the 25% oxygen-75% nitrogen combination was introduced after commencement of the study and the first 10 subjects breathed this gas combination after the other four combinations. All other gas combinations were breathed in random order, with at least 1 week between different gas mixtures. With the subject seated in the body plethysmograph a set of baseline studies was taken as described previously (control data). After these control studies the subject breathed the selected gas combination from a 300-litre Douglas bag connected to a non-rebreathing circuit for a 15-min period. The Douglas bag contained one of the following gas combinations: 100% oxygen; 50% oxygen-50% nitrogen; 30% oxygen-70% nitrogen; 25% oxygen-75% nitrogen; 21% oxygen-79% nitrogen. The Douglas bag was placed outside the body plethysmograph, with the subject seated inside the plethysmograph. During the last 5 min of this 15-min period, the body plethysmograph was pressurized to approximately 5-10 cm H 2 O greater than atmospheric for each subject, to achieve a reduction in the FRC of one tidal volume. There was no reduction in tidal volume with this reduction in FRC ( fig. 1 ) or any difference in CC following air breathing during this manoeuvre (means 1.727 (SD 0.45) litre at control and 1.801 (0.52) litre after the 15-min experimental breathing; paired t test probability of 0.36). The pressurization was produced from a high pressure air source through a reduction valve; initially at a rapid flow rate to obtain the desired pressure and then at a low flow to maintain the pressure against a slow leak. The change in FRC was estimated using a "Respitrace" impedance plethysmograph (Ambulatory Monitoring Inc., (1) FRC: lung volumes (tidal breathing followed by full expiration from FRC to give RV, then tidal breathing followed by a full inspiration, then a complete expiration to give VC)-control data. At the end of this 15-min period, the pressure in the plethysmograph was returned to atmospheric. The subjects, without taking any deep breaths, allowed their end-expiration to return to a resting FRC while remaining in the body plethysmograph. The subject's FRC was then measured breathing room air and, before any deep breaths were taken, other lung volumes were measured with ERV being measured first from FRC and second from total lung capacity (TLC) as part of VC ( fig. 2 ). This order was chosen so that the non-expanded RV could be investigated. The residual volumes used in this study were calculated using the ERV measured from FRC. Exhalation from FRC does not expand the chest before ERV is measured, whereas exhalation from TLC does. The tests were repeated for three replicates. As each replicate included a breath to TLC, there would be some lung expansion before the second and third replicates. These studies were termed the experimental data.
After each of these tests, the subjects took five maximal inspirations breathing room air, walked around for 5 min and lung volumes were again measured (recovery data). The procedure for measurements is summarized in table II.
Statistical analysis was by analysis of variance (completely crossed analysis), paired t test and linear regression using the MASS statistical analysis program (Westat Associates Pty Ltd, P.O. Box 247, Nedlands, Australia 6009) and a Macintosh SE computer. The statistical analysis using analysis of variance was complex because of the fact that each of the control studies was not randomized because the subjects were always breathing room air at this time. On each occasion the control measurement was essentially the same volume in the same subject under the same conditions, the only variable being the passage of time. The analysis of variance computation therefore allowed for this fact by using the difference from control for experimental and recovery studies. The analysis refers to "breathing state" for differences between control, experimental and recovery states. Tables V and VI show the analysis of variance statistics for the FRC and RV data, demonstrating significant relationships (P < 0.001) for the FRC results for FI OJ , breathing state and for synergism between these two; for RV the results were significant (P < 0.001) for FI OJ but did not achieve statistical significance for the breathing state. The significant differences between subjects are to be expected by such an analysis. The reproducibility of the measurements in the context of these studies over at least 5 weeks may be gleaned from analysis of the five replicate control studies breathing room air as the volunteers presented for their random studies. The within-replicate SD was 0.163 litre for FRC, which compares favourably to the preliminary replicate procedures on the same day of 0.097 litre published for our previous study [19] . Figures 3 and 4 show the graphical representation of % volume change (SEM) from the control readings for the FRC and RV data. Because the analysis of variance is significant, paired t tests were used to assess the statistical significance of the difference between the means for both FRC and RV. There were statistically significant volume reductions in FRC for Fi o , of 100%, 50% and 30% at both the experimental and recovery stages. There were statistically significant volume reductions in RV for Fi Oj of 100 % and 50 % at the experimental stage, and for 100% oxygen at the recovery stage. These volume reductions at recovery are less than those immediately after cessation of restricted breathing (the experimental state), but show that some effects persist even after efforts are made to re-expand the lungs. Figures 5 and 6 show the means (SEM) for FRC and RV vs the logarithm of Fi Of . There was a linear decrease in lung volumes with greater FI OJ , which is confirmed as statistically significant at the 5 % level by regression analysis for both FRC and RV (tables VII, VIII). This statistical test was used because it evaluates best any effects of increasing Fi Oi . For both FRC and RV, there was a reduction of approximately 10 % in lung volume after breathing 100% oxygen, and lesser reductions with increasing •FI NJ . There were small mean increases in lung volumes after both 21 % and 25 % oxygen mixtures, although these were not significantly different from the control values on paired t testing, and may have been a chance finding.
DISCUSSION
These results confirm both the reduction in lung volumes shown in our previous studies [19, 24] and the results from other studies in which subjects breathed 100% oxygen. This study confirms the work by Green [13] , who showed that addition of 20% and 40% nitrogen to oxygen reduced the tendency for alveolar collapse to occur. The present study was more detailed, and showed that there is a log linear effect produced by adding nitrogen to an oxygen mixture up to a concentration of 75 % nitrogen. With the addition of increasing nitrogen to the gas mixture, the reduction in lung volumes caused by breathing oxygen at a reduced lung volume was lessened, and finally neutralized.
When lung expansion with deep breaths was encouraged towards the end of each study, several volunteers noticed sharp chest pain which limited their deep breaths. This confirms other experiences [6] [7] [8] [9] [10] . Recently, two studies [26, 27] have shown limitation in VC measurements in volunteers who breathed oxygen at reduced lung volume caused by high gravitational forces. With progressive VC measurements, VC returned in steps to the control value. Chest pain was noted at the limits of chest expansion reached during each VC measurement. This chest pain may be caused by alveolar re-expansion after atelectasis. When atelectasis has occurred, greater forces are necessary to re-expand the collapsed alveoli [28, 29] . The shear forces associated with reopening the alveoli may be the cause of the sharp pain noticed by some volunteers.
Our results confirm that there was a decrease in lung volumes which persisted at least for a short time, and was still present after the subjects had made attempts to expand the lungs. The duration of this reduction was not studied, although this is important in applied situations. The time elapsing in the genesis of such reduction in lung volumes might also be important. Longer times might predispose to more atelectasis in other alveoli with marginal V/Q ratios, and might also imply that greater expansion forces are required to re-expand increased atelectatic areas of lung. The time elapsed before any efforts are made to re-expand the lungs may be important, as longer periods of unresolved atelectasis may also require greater expansion forces for re-expansion.
Studies using chest strapping have shown that changes in pulmonary mechanics, including increased elastic recoil of the lung, are caused solely by breathing at low lung volume [30] [31] [32] [33] [34] . This makes it unlikely that the reduction in lung volumes was caused by an increase in elastic recoil of the lung [19] .
The small though non-statistically significant increase in FRC and RV after this restricted breathing exercise with the increased nitrogen mixtures of 79% and 75%, may be a chance finding, but it may be that breathing with a reduced FRC following pressurization of the body plethysmograph induces some changes in ventilatory mechanics (such as increased elastic recoil of the chest wall) which then produce larger ventilatory volumes immediately on cessation of the restricted breathing manoeuvre. If this is so, then the effect of increased Fi Ot is even greater than it appears at first.
The variation between volunteers in the response to breathing the gas mixtures at a reduced lung volume mimics our earlier studies, and also that of Nunn and colleagues [10] . Such variation may result from different V/Q distribution, particularly at the small ratios in normal healthy young volunteers. It is possible that variation in collateral ventilation may also be a factor [35] . This biological variation may explain the results of Turaids, Nobrega and Gallagher [23] who found 5 % nitrogen prevented atelectasis in one subject.
Dantzker, Wagner and West [36] have shown a critical V/Q effect, during steady state, on those alveoli with V/Q ratios between 0.002 and 0.08 when FI OJ beween air and 100% oxygen are considered. In particular, for a difference in Fi Oi which is demonstrated at 30% but not at 25%, Dantzker's group [36] predict that V/Q ratios of 0.003-0.004 are critically important. An increase in Fi Oi shifts the critical V/Q to greater ratios which may lead to absorption atelectasis at greater V/Q ratios. Because the concept of critical V/Q depends on a balance between reduced ventilation and Fi Ol it is possible that with differing ventilation there will be different concentrations of nitrogen in oxygen which neutralize the effect on reducing lung volumes. The time over which any reduced ventilation or increased Fi Ot acts is also important because time is required for collapse to occur. In situations close to the critical V/Q ratio where alveolar ventilation is just insufficient to maintain alveolar volume, it will take some time for collapse to occur, and probably longer than the time available in this study. Nevertheless, this study did show a reduction in lung volumes with Fi Ot of 30 % or greater. Also, a reduction in lung volume may result in a decrease in ventilation to alveoli already at a relatively low volume because of the compliance effect at low lung volumes. This could further exacerbate critical V/Q ratios, leading to absorption atelectasis.
The combination of increased FI OJ and reduced lung volume has been demonstrated in this study to produce a decrease in FRC and RV. We postulate this lung volume reduction to be caused by absorption atelectasis in alveoli with small V/Q ratios. When the V/Q ratio is less than the critical V/Q ratio, the smaller the V/Q the more rapidly complete alveolar collapse occurs. With the relatively short duration of this study, complete alveolar collapse may not have occurred in the time available, in alveoli with V/Q ratios less than but near to the critical V/Q ratio. Thus it is likely that the threshold V/Q ratios at which nitrogen prevents collapse in this study are smaller than the critical V/Q ratios postulated by Dantzker, Wagner and West [36] .
The reduction in lung volumes noted in this study is important in at least three areas of applied respiratory physiology: aviation with oxygen breathing and high ^-forces [11] [12] [13] [14] ; diving medicine with increased oxygen breathing and reduction in FRC [15] [16] [17] ; and in anaesthesia. During anaesthesia there is a reduction in FRC, and increased concentrations of oxygen are often administered during the recovery phase when the patient may be hypoventilating as a result of residual anaesthesia, incomplete antagonism of neuromuscular paralysis, opioid administration or pain. There is likely to have been a prolonged period during anaesthesia where the patient breathed a gas mixture of oxygen and perhaps the more soluble nitrous oxide. These results indicate that at least 75 % nitrogen or other inert gas of low solubility would need to be added to the oxygen mixture to remove the effect totally. The addition of 50% nitrogen, however, does limit the reduction in lung volumes by approximately 50 % and may still prove useful in those situations in which Fi Oi greater than 30% are indicated to prevent hypoxia. Although 10% may be considered to be a small decrease in FRC or RV, it may be clinically critical in a patient with reduced initial lung volumes as a result of preexisting disease.
